A key objective of chemistry is to rearrange the bonding configuration of atoms in order to arrive at substances with vastly different properties. Elemental selenium, in its trigonal bulk structure depicted in Figure 1 (a), is a semiconductor known for its photovoltaic properties and high photoconductivity. 1 On the other hand, it is well established that a pressure-induced structural phase transition from the trigonal to a monoclinic phase with a puckered structure 2,3 changes
Se from a semiconductor to a metal. The photoconductive properties of bulk Se, which are a consequence of its unique trigonal (P3 1 21) bulk structure 4,5 consisting of 3-fold helical chains, shown in Figure 1 (a), have been exploited in applications ranging from solar cells, light-switching devices, and rectifiers to xerographic photoreceptors and photographic exposure meters. 1 It is likely that other structural arrangements, which could be achieved under different steric constraints, may give rise to yet unexplored properties.
The known properties of the trigonal bulk structure have inspired many experimental 6À8 and theoretical 9 studies of nanowires and nanotubes consisting of trigonal Se. The unusual behavior of Se includes its ability to change the valence configuration to form intriguing systems, such as Bi 2 Se 3 nanoribbons that show topological insulator behavior, 10À12 CdSe nanocrystals forming quantum dots, 13 and cubane clusters. 14 Since all these Se-based systems are nanometer-sized, we conclude that the ability to Se to change its valence electron configuration in nanostructures offers a rich potential to develop a new branch of Se chemistry in nanometer-sized cavities found inside nanotubes and related systems.
In this paper, we report the production of covalently bonded selenium doublehelices within the narrow cavity inside double-wall carbon nanotubes (DWCNTs). The Se double-helix structure inside a DWCNT (Se@DWCNT), which we characterize by high-resolution transmission electron microscopy (HR-TEM) and X-ray diffraction B (XRD), is completely different from the atomic arrangement in bulk Se and may be considered a new structural phase. Supporting ab initio calculations indicate that the observed encapsulated Se double-helices are radially compressed and have formed from free Se atoms or short chains in the narrow cavity inside the carbon nanotubes. The calculated electronic structure of Se double-helices is very different from the bulk system, suggesting a very different behavior of these constrained nanostructures.
Whereas Se in the bulk trigonal phase, depicted in Figure 1 (a), contains covalently connected singlehelices with a pitch length of 0.496 nm, the ∼1.9 nm pitch length of the Se@DWCNT double-helix structure, shown in the HR-TEM image in Figure 1(b) , is much longer. Essential for the formation of this structure is the extremely narrow confining space inside a quasi-1D carbon nanotube (CNT) with a typical diameter of ∼1 nm. The nanocavity inside CNTs, in particular DWCNTs with a small internal diameter, is known to preserve unusual metastable structural arrangements not found in free space. Capillary filling of this nanocavity with metals has been reported soon after the synthesis of single-wall carbon nanotubes in the presence of a metal catalyst. 15, 16 Even though the atomic structure could not be resolved in the early studies, lattice fringes seen in HR-TEM images indicated crystallinity of enclosed Pb and Ni metals or their compounds. 15, 16 The "nanocapillary" force, which pulls in and stabilizes encapsulated atoms and molecules in the confining nanotube volume under ambient pressure, has the same effect as a high-pressure environment. Thus, encapsulation inside a nanotube may completely change the atomic structure of ionic crystals 17 and metal nanowires 18, 19 and the ordering of water molecules 20, 21 and even convert hydrocarbons to diamond nanowires. 22 Whereas iodine has been known to form helical chains inside CNTs, 23, 24 no such microscopic structural information has been provided in former reports 25À29 of Se contained in the narrow space inside CNTs.
RESULTS AND DISCUSSION
Se@DWCNT samples used in our studies were produced by exposing open-ended DWCNTs to sublimed elemental Se, as described in the Experimental Section. Representative HR-TEM images of an empty and a Sefilled DWCNT are shown in Figure 2(a,b) , respectively. Clearly visible in Figure 2(b) is the atomically resolved Se structure contained inside the inner CNT, characterized by a double-helix arrangement with a pitch length of ∼2 nm. This structure is significantly different from the single-helix arrangement in bulk Se, shown in Figure 1(a) , with the much smaller pitch length of 0.496 nm.
To better understand the double-helix arrangement, we subjected the TEM image in Figure 2 During TEM observations, we occasionally noticed a structural transformation from a Se double-helix to a single-helix structure, as seen in Figure 3 , apparently induced by the electron-beam irradiation during the observation. Figure 3 (a) shows a Se double-helix inside the inner wall of a DWCNT at the initial stage of the TEM observation. Subsequently, the atomic arrangement within the Se double-helix changes in a manner that cannot be easily identified, as seen in Figure 3 (b). Next, the upper part of the Se structure transforms to a single helix, shown in Figure 3 (c), with the observed helical pitch length of 0.45À0.50 nm, which is close to the bulk Se value, 5 0.496 nm. Finally, the single helix detaches from the double-helix structure and disappears from the observed area, as evidenced in Figure 3 (d). We believe that the structural change was not affected by the proximity to the DWNT end, but was induced by enhancing the electron-beam exposure in a restricted region of the image.
To confirm that the periodicity observed in the HR-TEM image is representative of the entire Se@DWCNT system, we used X-ray diffraction for a quantitative structural characterization. Figure 4 (a) displays the XRD profiles of Se@DWCNTs measured at T = 300À600 K and compares them to empty DWCNTs. The XRD profile of Se@DWCNTs (T = 300 K) shows a broad Bragg peak at 2θ = 2.45°, indicating a periodic structure with . This period is significantly larger than the 0.438 nm separation between adjacent Se chains in bulk Se and the ∼0.2 nm separation between the Se strands in the double-helix structure in the HR-TEM image. Intriguingly, the axial pitch length d axis of Se double-helices decreases significantly from 1.87 nm at T = 300 K to 1.76 nm at the higher temperature of T = 450 K, as seen in Figure 4 (b). This thermal shrinkage is more pronounced in Se doublehelices, but agrees with the trend of d c// along the c axis that has been reported for bulk Se and is shown near the bottom of Figure 4 (b). Above T = 450 K, this trend reverses for Se@DWCNTs and the axial pitch length d axis starts increasing again with increasing temperature. Most important, we can observe the Bragg peak corresponding to the period of the double-helices even at significantly higher temperatures than the melting point, T mp = 490 K, of bulk trigonal Se, 1 confirming an unusually high thermal stability of the Se double-helix phase inside the DWCNT cavity.
To find out whether free-standing single-and doublehelices of Se are stable, we performed extensive structure optimization calculations for these systems and present the optimum structure of a Se single-helix in Figure 5 (a) and of a double-helix in Figure 5 (b). For the sake of comparison, we superposed in these figures the optimum Se helix structure with that of a (5,5) carbon nanotube, which we will consider later on. Additional information about the structure and simulated TEM images of these helices is provided in Figures S1ÀS4 in the Supporting Information. We found good agreement between the calculated and observed structures for not only uniform single-and double-helices but also double-helices connecting to a single-helix in Figure S5 and to a ladder structure in Figure S6 of the Supporting Information.
The equilibrium structure of Se helices encapsulated inside a CNT is likely to differ from free-standing Se helices. Precise atomistic calculations of the equilibrium structure and the interaction of encapsulated Se helices with the surrounding DWCNT are not practical, as they would require extremely large unit cells ARTICLE D containing thousands of carbon atoms in the surrounding nanotube. We used a much more practical approach that addresses all essential parts of the system and provides an easy interpretation of the results. The basic assumption is that the atomic structure of the nanotube surrounding the Se helix plays only a secondary role and that the nanotube may be considered a rigid container with cylindrical symmetry. As discussed in more detail in Figure S7 of the Supporting Information, we determined the interaction of a Se helix with the surrounding DWCNT by approximating the nanotube wall by a graphene monolayer that interacts with a Se chain. We found that the total energy of the system as a function of the SeÀgraphene separation can be approximated well by a smooth interaction potential. The potential has a shallow minimum at 0.32 nm, corresponding to a binding energy of 0.2 eV per Se atom, and is repulsive at small SeÀC separations. We used this potential with cylindrical symmetry to estimate the effect of the DWCNT on the equilibrium geometry and the vibrational spectrum of the enclosed selenium structure. Vibrational spectra of Se helices in nanotubes of different diameter, modeled by a constraining potential, are presented in Figures S8 and S9 of the Supporting Information. We found that vibrations of confined helices resemble those of free Se helices in wide nanotubes with a diameter exceeding 0.84 nm, but change substantially inside narrower nanotubes.
Considering the structure of a Se single-helix with radius R H = 0.09 nm according to Figure 5 (a), we should expect an optimum fit inside a nanotube with the diameter 2 Â (0.09 þ 0.32) nm = 0.82 nm. This, as a matter of fact, is the inner diameter of the DWCNTs used in our experimental study. The structure of Se inside wider nanotubes should be very similar to freestanding Se helices shown in Figure 5 . In narrower nanotubes, the main effect of the surrounding wall is to compress the Se helices radially, thereby increasing the helical pitch, as illustrated in Figure S4 of the Supporting Information. We found that as the diameter of the enclosing model nanotube was reduced from 1.0 to 0.6 nm, the pitch of the Se single-helix increased to 0.7 nm and the helix resembled a linear chain at an energy cost of 0.52 eV per Se atom. Since this deformation energy investment exceeds significantly the energy gain of 0.2 eV/Se atom due to the attractive SeÀCNT interaction, we should not expect spontaneous encapsulation of Se helices in nanotubes with an inner diameter much below 0.8 nm. In the absence of any other constraints, we should observe only small deformation of Se structures with respect to the free helical geometries.
The Se double-helix structures reported in this study have a much smaller diameter than expected based on calculations. Since the radial compression of the double-helix inside DWNTs with an inner diameter of 0.8 nm requires more energy than the expected gain upon encapsulation, we conclude that the doublehelices have not been created outside the DWCNTs. A much more likely scenario involves encapsulation of 
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Se atoms or short chains in the narrow space inside DWCNTs, where they reconnect to a double-helix structure. The equilibrium shape of the Se doublehelix is given by an energetic compromise between minimizing the Se-DWCNT repulsion and the radial compression energy of the double-helix. We found that such a radial compression causing a reduction of the double-helix radius to 0.1 nm increased the pitch length beyond 1.0 nm. At nonzero temperatures, where Se double-helices may uncoil at little energy cost, the pitch length estimated from calculations agrees with the observed value between 1 and 2 nm.
To better understand the electronic properties of systems containing Se and carbon nanotubes, we calculated the electronic structure of a Se single-and double-helix, a narrow (5,5) carbon nanotube, and a Se single-helix enclosed inside this nanotube. Our results for the band structure and electronic density of states (DOS) of these systems are shown in Figure 6 . The electronic spectrum of a free-standing Se single-helix, shown in Figure 6 (a), is dominated by van Hove singularities at the band edges and displays a fundamental band gap of 1.6 eV. Since the band gap is likely underestimated in DFT calculations, we expect the Se single-helix to be a semiconductor with an even larger band gap. The corresponding results for a free-standing Se double-helix with a much wider diameter, shown in Figure 6 (b), are significantly different. For one, the fundamental band gap decreased significantly to 0.1 eV. The van Hove singularities do not dominate the DOS as in a single-helix, since Se atoms hybridize not only with the two neighbors along the same helical strand but also with neighboring Se atoms in the second helical strand. Even a small hybridization with the surrounding nanotube will turn the Se@DWCNT system metallic. We find the calculated DOS in the valence band region of free-standing Se helices consistent with the observed X-ray photoelectron spectra (XPS) spectra presented in Figure S10 of the Supporting Information. The spectrum of a free-standing (5,5) nanotube in Figure 6 (c) is shown mainly to better understand the new features in the spectrum introduced by the encapsulation of a Se helix, as seen in Figure 6 (d). We chose the narrow (5,5) nanotube as a computationally manageable model system that describes the essentials, but does not necessarily reproduce all features of the complex systems observed in the experiment. Since the diameter of the (5, 5) nanotube is smaller than that of the nanotubes in our experiment, we considered a single-and not a doublehelix of Se inside this nanotube. The calculated DOS in Figure 6 (d) resembles a superposition of the densities of states of the Se helix and the CNT, reflecting only a small SeÀC hybridization, consistent with the predicted small ARTICLE F SeÀC bonding. The presence of a selenium-derived van Hove singularity near the Fermi level suggests the possibility to strongly enhance conductivity of this system by doping. The small calculated CÀSe interaction is responsible for nearly negligible C 1s core-level shifts in the XPS spectra of pristine DWCNTs and Se@DWCNTs, shown in Figure S11 of the Supporting Information.
To obtain a different view of the interaction between the Se helix and the surrounding carbon nanotube, we studied the charge redistribution in this system. Our results for the electron density difference Δn(r) between the Se@CNT system and a superposition of neutral atoms, shown in Figure 7 , indicate a small electron transfer from Se to the C atoms of the surrounding nanotube. A very small net positive charge of 0.17 e on the Se atoms, obtained from a Mulliken population analysis with a single-ζ basis and discussed in Figure S12 of the Supporting Information, is consistent with the fact that C and Se share the identical Pauling electronegativity value of 2.55. The Δn(r) contour plot in Figure 7 shows no regions of strong electron accumulation, providing additional support for our conclusion that the electronic interaction between the selenium and the carbon system is very small.
CONCLUSIONS
In conclusion, we report the production of a new crystalline phase of selenium within the narrow cavity inside DWCNTs by exposing open-ended nanotubes to Se vapor. The atomic arrangement, characterized by covalently bonded Se double-helices, is completely different from that in bulk Se. We characterized the structure by high-resolution transmission electron microscopy, X-ray diffraction, and core-level spectroscopy. Supporting ab initio calculations indicate that the observed encapsulated Se double-helices are radially compressed and have formed from free Se atoms or short chains in the narrow cavity inside the carbon nanotubes. The calculated electronic structure of Se double-helices differs significantly from that of bulk Se, indicating unusual conductance behavior and the possibility to develop a new branch of Se chemistry.
METHODS
Experimental Methods. We used highly crystalline DWCNTs, purchased from TORAY Industries, Inc., with an inner tube diameter of ∼0.8 nm. In order to remove the terminating endcaps and insert Se into the nanocavity, the DWCNTs were first oxidized at 723 K under dry air (100 mL min
À1
) for 1 h. The oxidized DWCNTs and Se pellets (99.99%, Wako Pure Chemical Industries, Ltd.) were sealed in a forked glass tube in vacuo (<1 Pa) and subsequently kept at 973 K for 48 h. The as-prepared sample was then washed with carbon disulfide under ultrasonication for 5 min, and then the DWCNT dispersed in carbon disulfide solution was filtered for extracting the DWCNT sample. This process was repeated three times. The filtered sample was then heated at 423 K under vacuum (<1 Pa) to remove excess Se attached to the outside of the DWCNTs. DWCNTs containing encapsulated Se (Se@DWCNTs) were then characterized by a double Cs-corrected (CEOS GmbH) HR-TEM (JEM-2100F, JEOL) operated at 80 kV. The samples were further characterized by X-ray diffraction with λ = 0.08003 nm at the synchrotron source SPring-8 and X-ray photoelectron spectroscopy using a monochromatised Al KR X-ray source under 10 À6 Pa (AXIS-ULTRA DLD, Shimadzu).
Theoretical Methods. Our calculations of the equilibrium structure, stability, and electronic properties of Se chains inside CNTs have been performed using ab initio DFT as implemented in the SIESTA code. 30 We used the CeperleyÀAlder 31 exchangeÀ correlation functional as parametrized by Perdew and Zunger, 32 norm-conserving TroullierÀMartins pseudopotentials, 33 and a double-ζ basis including polarization orbitals. We used periodic boundary conditions to represent arrays of aligned, but wellseparated CNTs containing Se or arrays of separated Se chains on graphene. The Brillouin zone of the isolated 1D chain and nanotube structures was sampled by 10 k-points and that of chains interacting with a graphene monolayer by a fine 10 Â 10 k-point grid. 34 We used a mesh cutoff energy of 100 Ry to determine the self-consistent charge density, which provided us with a precision in total energy of <1 meV/atom.
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